There is still some controversy as to whether sacral spina bifida in humans is the result of a defect of the primary or secondary neural tube. As somites are related to the development of vertebrae and the primary neural tube is related to the development of the spinal cord in embryos, it is very important to determine the number of somites in normal human embryos at the time of closure of the primary neural tube to understand the contribution of primary neural tube defects to the development of spina bifida. However, in the literature, the number of somites in stage 12 human embryos is still controversial. The aim of this study is to find the number of somites in human embryos at Carnegie stage 12. Four human embryos at Carnegie stage 12 were selected from the laboratory of the Congenital Anomaly Research Center in Japan. The neural tube and somites were reconstructed from their slices by a three-dimensional computer graphic reconstruction technique. The reconstructed embryos were examined from multidirectional magnified images. Thirty-three pairs of somites were present in all these reconstructed embryos. As the 33rd pair of somites corresponds to the fifth sacral segment, the presence of 33 pairs of somites at Carnegie stage 12 suggests that spina bifida develops from defects of the primary neural tube.
Introduction
Somites are the mesenchymal condensations that start appearing in human embryos from Carnegie state 9 [1] . The somites are related to the growth of the meninges, vertebrae and muscles. During the closure of the neural tube and disjunction of the neuroectoderm from the cutaneous ectoderm, the somites migrate to the midline from both sides and fuse to form the laminae and spines of the vertebrae [2, 3] . Therefore, knowledge of the number of somites at the time of the closure of the primary neural tube in the normal human embryo is important to understand the level of spina bifida that is contributed by defects of the primary neural tube.
Haque/Ohata/Takami/Branco Soares/ Nunta Aree/Hakuba/Hara Many studies with mouse embryos have been performed to determine the number of somites at the time of closure of the primary neural tube. Some studies showed 32-34 pairs of somites but the number varied in others [4] [5] [6] [7] [8] . Variability of the number of somites has also been found in the studies with human embryos [9] [10] [11] . Muller and O'Rahilly [12] in their study with human embryos suggested that 29-31 pairs of somites are present at Carnegie stage 12. Some authors used graphic reconstruction techniques to study mouse embryos [11] and found 32-34 pairs of somites and suggested that the same number must be present in the human; however, they could not study human embryos by the same technique due to bad cellular conditions [11] . The discrepancy of the results might possibly be due to lack of a good technique to study early stages of human embryos. As the size of the embryos at the early stage is very small, the somites are very difficult to observe, especially the smallest caudal somites. Therefore, a three-dimensional (3D) reconstruction technique, by which the necessary areas of the embryos can be reconstructed and examined stereoscopically by multidirectional viewing under appropriate magnification, is necessary.
We used a computer graphic 3D reconstruction technique to study human embryos at Carnegie stage 12. We investigated the number of somites at Carnegie stage 12 in four human embryos, using this special technique. By this technique, the neural tube and somites of the embryos could be reconstructed and could be examined stereoscopically under appropriate magnification.
Materials and Methods
With the permission of the Department of Anatomy of the University of Kyoto, Japan, a large collection of human embryos from the laboratory of the Congenital Anomaly Research Center were used for study. A huge collection of around 2,000 human embryos from stage 9 to stage 23 are preserved as hematoxylin and eosin-stained microscopic slices. The medical history (including the age, date of collection, mother's history and plane of section) of these embryos and microscopic pictures are also preserved in the records. All these embryos were collected 30 years ago from different parts of Japan when abortion was permitted in Japan. The sets of slices of these embryos are kept in an organized way with a separate identification number for each embryo in all the slides. We studied four human embryos of Carnegie stage 12 ( fig. 1 ) by reconstructing the neural tube and somites, one from sagittal (embryo 1), one from coronal (embryo 2) and one from transverse (embryo 3) serial sections and an other (embryo 4) from alternate sagittal sections. Serial digital pictures of the embryos were taken from the stained slices of these embryos separately under a microscope (!10). We used a digital camera to take these pictures (Nicon digital camera Coolpix910, Nikon, Japan). These digital pictures were then transferred to a computer (Dell Dimension XPS R 400 Windows, Pentium III). Before taking the pictures of the sets of slices of each embryo, we took a picture of a micrometer (1,000 microns) under microscope (!10). All the pictures of the set were taken under the same magnification. Computer graphic software (TRI 32, Ratoc Systems Engineering Company Limited, Tokyo, Japan) was used to make the reconstruction from these pictures. The input of the micrometer that was taken as a digital picture was given to the memory of the software as the software needs the scale to keep the original size of the embryo in its memory. Thereafter, a reference point was determined on the digital pictures. The computer followed this reference point in the subsequent pictures of the embryo. Then, 3D reconstructions were created by overwriting the neural tube and somites on the previously saved pictures, displaying them on the computer screen. Drawing was done by a fine computerized stylus on a graphic board. The digital pictures were magnified proportionately using the scale, so that all the small structures could be easily visualized and overwriting on the images could be performed. All the slices of the embryos were observed and overwriting of the neural tube and somites was performed. The software connected all these line drawings. Finally, a digital neural tube with somites could be built. The size and shape of the reconstructed embryo were of almost the same proportion as the original embryo. The software allowed us to rotate the 3D image in any direction, and stereoscopic pictures could be taken from any angle, so it was relatively easy to count the somites after preparing the digital embryos from different specimens of the original embryos. The 3D reconstructed images were rotated at different angles, enlarged in parts to observe all the somites. The number of somites were counted from different views in all the embryos. 
Results
The 3D computer graphic reconstructions were used to reconstruct the neural tube and somites of four human embryos of Carnegie stage 12. These reconstructed digital neural tubes with somites became the proportionately enlarged virtual real image of the original embryos. Figures 2-4 show the reconstructed pictures of the embryo samples 1, 2 and 3, respectively. The digital neural tubes were found to be a similar shape to those of the original embryos. All these embryos showed 33 somites on each side, except one (embryo 4, fig. 1 ) that was reconstructed from alternate sagittal slices, which demonstrated 31 somites on one side ( fig. 5 ).
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Haque/Ohata/Takami/Branco Soares/ Nunta Aree/Hakuba/Hara After reconstruction, stereoscopic pictures were observed on a computer and somites were counted on both sides of all four embryos. Thirty-three pairs of somites could be counted in all embryos, except in one, in which 31 somites were found on the left side. However, 33 somites were present on the right side. This embryo was reconstructed from alternate sagittal slices as the serial slices were not available. L = Left; R = right.
Discussion
During development, the primary neural tube closes at Carnegie stage 12 in the human embryo. Thereafter, the secondary neural tube is formed by a process of differentiation and canalization with the primary neural tube which occurs during stage 13 and ends by stage 20 [8] . The neural tube separates from the overlying ectoderm by a process of disjunction, and the perineural mesenchyme or the somites surround the neural tube and subsequently form the meninges, bone and muscles [2] . Focal failure of disjunction creates a focal ectodermal-neuroectodermal adhesion and will prohibit the mesenchyme from extending between the neuroectoderm and cutaneous ectoderm and give rise to spina bifida [3] . The neural tube closure and disjunction is a simultaneous process [2] .
Therefore, knowledge of the number of somites at the time of closure of the primary neural tube in human embryos (which occurs at Carnegie stage 12) is very important to determine the level of spina bifida contributed by defects of the primary neural tube.
Somites are first visible at stage 9, and 1-3 somites that are occipital somites are present at this stage [1] . At stage 12, 4 occipital somites are present [1] . So, the somites caudal to these 4 occipital somites will represent the cervical, thoracic, lumber and sacral vertebrae. Thereby, including 4 occipital somites, 33 pairs of somites would likely be present to give rise to all the vertebrae, and the 33rd pair of somites would represent the fifth sacral vertebra.
Studies with mouse and chick embryos have been performed to elucidate the developmental process of the caudal neural tube, with varying numbers of somites having been found [4] [5] [6] [7] [8] [9] [10] 13] . Due to the unavailability of human embryos, many authors have taken mouse embryos as a model for human embryos. Pairs of 32-34 somites have been recognized in studying these mouse embryos [9] [10] [11] . Nievelstein et al. [11] studied mouse embryos using 3D graphic reconstruction and human embryos by microscopic examination. They suggested that as in the mouse, 32-34 pairs of somites are present in stage 12 human embryos, and concluded that all spinal segments and spinal ganglia are developed by primary neurulation. However, Muller and O'Rahilly [12] in their study of human embryos described that closure of the caudal neuropore occurs at the level of 29-31 pairs of somites. This study was done by light microscopic observation and a wax reconstruction method and thereby had the potential of overlooking the small somites.
The discrepancy of results with human embryos may be due to various factors. It is difficult to obtain good stage 12 human embryos. The size of the embryos at this stage is very small, and after fixation, there may be some distortion in the shape of the embryos. Cutting these embryos into thin sections for microscopic examination may not give a perfect axial, coronal or sagittal plane ( fig. 6 ), and therefore, it becomes difficult to follow the somites by microscopic examinations, especially when the somites are very small. Studying human embryos obtained as results of ectopic pregnancy or spontaneous abortion could also give rise to erroneous results, as they might involve a developmental error. Most human embryos at this stage are in a poor cellular condition for proper study [11] . Due to these constraints, many authors have studied mouse embryos as a model for humans and suggested the importance of a good technique to study human embryos [11, 14] .
Although 32-34 pairs of somites could be detected in many studies with mouse embryos, and the authors suggested that the same number is present in humans, there is no alternative to studying human embryos to ascertain the number of somites in the human embryo in order to describe human development.
Therefore, good quality human embryos at stage 12 that are the result of therapeutic abortion are necessary. Besides that, a good technique for 3D reconstruction that is able to make a magnified real virtual image of the embryo and will allow examination of these embryos in Fig. 6 . A sagittal section of embryo 1 is shown. The arrows show the parts of the neural tube and the arrowheads show the somites. Even though this embryo was sliced in a sagittal plane, the neural tube in the middle portion is not visible in a single slice. This might be due to a change in the shape of the embryo after paraffin fixation. Therefore, observation of all the serial slices and reconstruction of the structures is important in studying small embryos.
stereoscopic observation from different angles is necessary to study those embryos.
An excellent collection of human embryos from Carnegie stage 10 to stage 23 is available in the laboratory of the Congenital Anomaly Research Center of the University of Kyoto, Japan. Most of these embryos were the result of therapeutic abortion and were collected 30 years ago when abortion was legal in Japan. The medical history and microscopic pictures are kept in the records. We were able to select four good quality human embryos at Carnegie stage 12 which were sectioned and stained with hematoxylin and eosin from this laboratory. These embryos were designated as 1, 2, 3 and 4 ( fig. 1 ). We used a 3D computer graphic software package as described above. With this software, we could create a digital neural tube with somites, which is an enlarged virtual image of the original embryo. We reconstructed three embryos from their serial slices and one from its alternate slices. Several stereoscopic pictures of neural tubes with the somites were made and observed from the reconstructed embryos. These pictures were taken from different angles to study the real number of somites. The stereoscopic pictures gave us the opportunity to see overlapping or small structures and it was easy to count the number of somites.
Thirty-three pairs of somites were found in the embryos that were reconstructed from their serial slices. However, only 31 somites could be recognized on one side of one embryo which was reconstructed from alternate slices. The very small sacral somites could have been lost in the alternate slices that were not available in this embryo.
As it is established that 4 occipital somites are present in Carnegie stage 12 human embryos [1] , the 33rd pair of somites represent the fifth sacral segment. Therefore, the laminae and spines of all the sacral vertebrae will be developed during the disjunction of the caudal end of the primary neural tube from the cutaneous ectoderm during its closure. Thereby, it can be proposed that spina bifida of all the sacral vertebrae results from a defect of the primary neural tube.
Serial sections of good quality human embryos and a good computer graphic 3D reconstruction technique could be very helpful to study early stages of human embryos.
Further study with later stages of human embryos will be performed to observe the secondary neurulation process by this technique.
